The paper deals with weather derivatives as the potentially effective risk management tool for agricultural enterprises seeking to mitigate their income exposure to variations in weather conditions. Design and valuation of the weather derivatives is an interdisciplinary approach covering agrometeorology, statistics, mathematical modeling, and financial and risk management. This paper first offers an overview of data sources and then methods of design and valuation of weather derivatives at the regional level. The accompanied case study focuses on cultivation of cereals (wheat and barley) in the Czech Republic. However, its generalizability is straightforward. The analysis of key growing phases of cereals is based on regression analysis using weather indices as the independent variables and crop yields as dependent variables. With the bootstrap tool, the burn analysis is considered as useful tool for estimating uncertainty about the payoff, option price, and statistics of probability distribution of revenues. The results show that the spatial and production basis risks reduce the efficiency of the weather derivatives. Finally, the potential for expansion of weather derivatives remains in the low income countries of Africa and Asia with systemic weather risk.
Introduction
Weather determines decision making over the world [1, 2] . Lazo et al. [3] quantify 3.4% interannual aggregate dollar variation in US economic activity that is attributable to the weather variability. Nevertheless, the degree of the weather sensitivity in the high income countries is relatively small because of minor share of agriculture in GDP. On the contrary, the underdeveloped world and many emerging countries with the substantial share of agriculture in GDP and employment have to face the weather risks without sufficient financial resources and infrastructure to manage them.
A financial weather contract (weather derivative, weather index insurance) is a weather contingent contract whose payoff is determined by future weather events. The contract links payments to a weather index that is the collection of weather variables measured at a stated location during an explicit period [4] . Underlying "assets" of weather derivative are most often air temperature, rainfall, wind speed, and so forth. Many relevant studies test the potential use of the weather derivatives in agriculture [5] [6] [7] [8] [9] [10] [11] .
The main advantage of the index-based financial tools is their power to reduce the information asymmetry [12] [13] [14] [15] [16] . The derivative payoff is estimated by objective, measurable, and transparent weather variable which cannot be intentionally modified by farmers or any other subject. Alternatively, the most important disadvantage of the weather derivatives and the index insurance they most frequently advert to is the basis risk. The cause of the production basis risk is that individual yield fluctuations in general are not perfectly correlated with the relevant weather variable. The spatial basis risk arises from the difference in weather patterns at the reference point of the derivative and the location of agricultural production [17] .
There is also one important prerequisite for the efficient use of the weather derivatives in agriculture. The weather derivatives are more effective in hedging the revenue risk for products with a greater likelihood for low correlations between yield and price [18, 19] . These arguments also raise the need to evaluate the price-yield concurrence.
This paper aims to assess the potential of the weather derivatives to reduce revenue risk in agriculture taking 2 Advances in Meteorology into consideration the growing conditions in the Czech Republic. The problem of risk management scheme in the Czech agriculture is that the systemic risks are not covered by insurance (drought, heat waves, and persistent rain at harvest).
The paper is organized as follows. The first part focuses on description of methodical approach for design and valuation of weather derivatives at the regional level. The second part presents results and discussion of the main findings, chances, and limitations of agricultural weather derivatives.
Material and Methods
Design and valuation of the weather derivatives is an interdisciplinary approach covering agrometeorology, statistics, mathematical modeling, and financial and risk management. The methodology is a modification of the procedures proposed by Jewson et al. [20] , Mußhoff et al. [7] , Hnilica [21] , and Manfredo and Richards [22] .
Argometeorological Issues
(1) Selection of regions suitable for construction of the weather derivatives. 
Mathematical Modeling
(6) Identification of a suitable type of probability distribution of the index contract (weather). Risk layering. (7) Weather derivative valuation.
Risk Management Issues
(8) Assessment of efficiency of the weather derivative contract to reduce revenue risk.
Agrometeorological Issues.
Selection of regions for design of the weather derivatives is based on whether the agricultural production in the region is sufficiently important to ensure liquidity of the contract. Structural and economic data show that four Czech regions (Středočeský, Jihočeský, Vysočina, and Jihomoravský) produce more than 50% of national agricultural output. In addition, the Olomoucký and Královéhradecký regions have relatively higher risk of drought because of large lowlands. These regions are also characterized by cereal production on fertile soils. Table 1 shows basic structural and economic characteristics of selected regions. Barnett and Mahul [5] suggest at least 20 annual data on crop yields to set a contract price for the relatively frequent adverse weather events. In this paper, the 40-year time series (1970-2009) of crop yields are obtained from the Czech Statistical Office (CSO). The CSO is a central governmental authority in processing and publishing official statistical information. The risk analysis requires the use of data on the sown areas instead of the harvest areas [19] . Because of lack of reliable data on the sown areas, the crop yield is calculated as the share of harvested production ( ) to the harvest area (ha).
Weather data are purchased from the Czech Hydrometeorological Institute (CHMI). The analysis uses the daily/ monthly average air temperatures and daily/monthly cumulative rainfall. Monthly weather data are the spatial averages of data provided by the professional meteorological stations located in selected six regions. We adopt the following weather indices-air temperature ( ∘ C), rainfall (mm), and drought index (combination of air temperature and rainfall, [23] ) and CDD/HDD (i.e., the number of degrees that a day's average temperature is above/below a certain level). Basic air temperature of CDD is set using linear optimization to achieve the highest Pearson correlation coefficient between basic air temperature and crop yield.
Statistical Issues.
The obvious technological progress in cultivation of the field crops requires detrending of the yield time series [9] [10] [11] . Linear, exponential, logarithmic, power, and polynomial (quadratic and cubic) trends are tested. 
where denotes actual data in year and tr means the trend. The regression analysis estimates the relationships between the weather index and the crop yields in critical period of vegetation (SPSS Statistics 18.0). Following types of regression functions are tested: linear, logarithmic, inverse, quadratic, cubic, power, curve, exponential, and logistic. In order to achieve the highest possible correlation between yield and weather variables, we set weights to the critical month of vegetation. The weights are set through the highest value of correlation coefficient between yield and weather variable during the critical period of vegetation (MS Excel Solver).
The simple linear regression between the crop yield and the weather index enables to clearly find the strike level (the level of index when the contract triggers). Then we set the tick (the payoff per one index point above/below the strike level) as an expected postharvest price and the regression coefficient . The regression function is tested for autocorrelation (Breusch-Godfrey test) and heteroskedasticity (White test) at = 0.05.
Mathematical Modeling.
The analysis compares the effectiveness of the contracts for the two strike levels. The first strike covers risks with low frequency and high severity (strike 1). It assumes a certain degree of farmers' own contribution. At the strike 1 the probability of payoff ranges from 10% to 15%. The strike 2 represents relatively more frequent and less severe weather risks and requires no farmers' contribution.
Weather derivative pricing in the paper is based on the burn analysis. The burn analysis reflects how a contract has performed in previous years. Burn analysis in this paper is enhanced by distribution fitting and Monte Carlo simulation. The probability distribution of the weather index is estimated from the real data though the Maximum Likelihood Estimation (MLE) method [24] . The probability distribution is tested simultaneously through the Anderson-Darling test goodness-of-fit test (A-D) at = 0.05.
Bootstrapping [25] allows for easier estimation of uncertainty surrounding the estimate of mean and standard deviation of payoff. The parametric bootstrap [24] requires the extra information about the probability distribution.
The contract price (in this case of an option) is the average expected contract payoff. Nevertheless, the seller of the option would probably expect a reward for taking on the risk of having to pay out, and, hence, the premium would probably be slightly higher than the expected payoff by a risk loading. In the paper, the risk loading as 20% of the standard deviation of the payoff of the contract is set [20] . 
denotes crop yield (t/ha) being a function of stochastic weather variable .
is expected postharvest crop price (CZK/t). Since the expected payoff ( ⋅ ) is related to the beginning of the contract period, it is discounted by the riskfree rate at the beginning of the contract period (1.90% p. a.).
If the farmer buys a weather derivative contract per 1 ha of crop, he has to pay the premium to the seller ( 0 ). A farmer may collect a payoff from the contract ( ) if a weather variable exceeds the strike. The payment is a function of underlying index . Consider
The simulation is processed using the Monte Carlo method with 10 000 iterations at = 0.05. The comparison of the simulation results without standard error (without basis risk) and including standard error in regression estimate (including basis risk) answers the question about the degree of the basis risk. Tables 6 and 7 present the results of correlation analysis between yields and weather variables. A statistically significant moderate relationship occurs between the wheat/barley yields and the air temperature (and drought index ) in May, June, and July. Both cereals have similar sensitivity to air temperature. Precipitations are local, so the risk of lack or, conversely, excessive rainfall has not a systematic character. The inverse relationship is shown between yield and rainfall during the presowing soil preparation. However, the correlations between wheat/barley yield and precipitation at the regional level are rather weak.
Results and Discussion
The results confirm the sensitivity of wheat/barley to the lack of precipitation and higher temperatures in the spring. On the contrary, rather drier periods in some regions are beneficial during pre-sowing soil preparation. Tables 6 and  7 show Jihomoravský region as the area with highest risk of drought, where the correlation coefficient between yields and drought index distinctly exceeded 0.5 and are statistically significant at = 0.01. The higher risk means the higher yields-the Jihomoravský region is really a growing-friendly area for high quality wheat and barley.
Sensitivity of yields to weather variables in April is also worthy of attention, but not statistically significant. The following weather indices are included in the underlying index and tested for correlation: The highest Pearson correlation coefficient is identified between wheat/barley yields and weighted average air temperature 3 ( wheat/14.9% for barley), and June (weight of 71.3% for wheat/65.7% for barley). Table 3 describes results of regression analysis between wheat/barley yields in Jihomoravský region and weather index 3.
The weather index explains the variability of regional average wheat/barley yields of up to 48.1%/47.3%. The remaining part of yield variability is caused by weather conditions during other months (e.g., weather during the harvest season, hail during the vegetation) and by other influences we can term as basis risk. According to the results of Anderson-Darling goodness-of-fit test, residuals are of the normal (Gaussian) distribution value of A-D test = 0.190 (wheat)/0.152 (barley) and value = 0.894 (wheat)/ 0.957 (barley). Standard error is 0.500 (wheat)/0.442 (barley). These values are the essential inputs to quantify the effectiveness of the weather derivative with the basis risk assumption.
The type and parameters of the probability distribution are estimated using the Anderson-Darling goodness-of-fit test. A histogram of weighted average air temperature 3 is based on historical weather data in the period of 1961-2009. Results of A-D test for both wheat and barley (Table 4) show that the most suitable approximation of real data probability distribution is logistic distribution with mean Weather derivative valuation requires estimation of strike, that is, the level of index when the contract starts to pay. Figures 1 and 2 show the risk layering for wheat and barley with farmers' participation of 10%. Under the assumption of the regression functions, expected crop yield, and farmers' participation (0%/10%), various levels of contract strike can be set as follows. For example, strike is 17.05 ∘ C (wheat)/16.18 ∘ C (barley) if the farmers' participation is 10% and expected yield is 5.00 t/ha (wheat)/4.12 t/ha (barley). The probability of higher underlying index 3 is 12.47% (wheat)/13.80% (barley). In case of no farmers' participation and the same expected yields, the strike is lower-15.80 ∘ C (wheat)/15.07 ∘ C (barley). The probability of risk occurring is then about 50%.
Simulation of average payoff and its standard deviation corresponds to the principle of actuarial pricing method as well as to the concept of fair price. Table 5 contains the assessment of the efficiency of the weather derivative contracts for wheat and barley in the Jihomoravský region.
The efficiency of weather derivative contract is relatively low-farmers can reduce the variability of revenues only by 5.5% (wheat)/5.7% (barley) at the strike 1 and under assumption of the basis risk. The analysis reveals a very high basis risk which may result in both excessive and poor payoff. If we consider no basis risk and strike 1, the contract can help reduce the variability of revenues by 11.7% (wheat)/13.8% (barley). However, the basis risk really exists. Strike 2 increases the likelihood of payoff, so the contract price and the reduction of average sales are obviously higher. Such reduction in sales could be for many farmers still acceptable if they want to manage systemic weather risk that is not insurable.
Limitation of powerful use of the weather derivatives in the Czech agriculture is both a geographical basis risk and production basis risk. Geographical basis risk can be reduced by locating the contract nearest to the reference weather station. Alternatively, the nature of such weather index contracts would increase the transaction costs (as the contract would not be standardized) and would eliminate the advantage of their transferability to the capital markets. Production basis risk cannot be influenced by the design of the weather derivative contract.
In the European conditions, the assessment of weather derivatives efficiency in agriculture was conducted in Germany in Brandenburg [7] . Brandenburg is relatively homogeneous region because it is located in large North German Lowland (Nordwestdeutsches Tiefland) with predominantly sandy soils and low water retention capacity. Weather derivative for wheat linked to total precipitation in April-June (measured at weather station Berlin-Tempelhof) refers to the regression function with 2 = 0.48. Despite the relatively homogeneous conditions in the region, designed weather derivative was able to reduce the variability of wheat sales only by 11%. The extent of basis risk and efficiency of weather derivative are close to results shown in the paper. 
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